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In  studies  on  the  hydrogen  ion  concentration  gradient  and  total 
acidity in plants it was noticed that these varied greatly in Bryophyl- 
lure calycinum with the light conditions of the day; on a  cloudy day 
the H  ion concentration and total acidity were very high, while on a 
bright  sunny  day  they  were  10w.  ~  From  this  it  was  inferred  that 
there  might  be diurnal  changes  in  these  concentrations.  Reference 
to literature  shows that  in  1813  Benjamin Heyne  ~ reported  that  the 
tropical  plant  BryophylIum  (Cotyledon)  calycinum  tasted  as  sour  as 
sorrel  early  in  the  morning,  but  by noon  was  tasteless.  This  was 
verified  by Link,  with litmus  paper.  He also found that  light was 
responsible  for  the  disappearance  of the  acid.  (This  is  quoted  by 
Kraus3)  Mayer,* Kraus, Warburg, 5 and others have shown that  this 
plant is acid during  the night  and that  the acidity decreases during 
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the  day time.  Spoehr  ~ and  Richards  7 have  found the  same  to  be 
true for Opuntia versicolor.  For an extended review of the literature 
on  acidity in plants  reference  should  be  made  to  Richards'  paper. 
In all of this work there are no references to changes in the H  ion 
concentration or actual acidity of the plants studied.  And as far as 
the writer is aware there has been no study of the H ion concentration 
in plants extending over a period of 24 consecutive hours.  There are 
occasional statements to  the effect that the H  ion  concentration is 
slightly different at 10:00 a.m. from what it is at 5:00 p.m., but these 
differences are usually so small as to be without significance. 
In previous experiments  8 it had been found that there is a  H  ion 
concentration gradient in Bryophyllum  and that the greatest differ- 
ence in acidity on a cloudy day and a bright'day is in the young parts 
of the plant.  From this it was apparent that young plants of the same 
age and size should be compared.  For each set of experiments plants 
were propagated from leaves, all from the same parent plant, and they 
were  all  treated in  exactly the  same manner.  From  these,  plants 
were selected that were of the same size and with the same number of 
leaves.  Whole  tops  were  used and  ground up  in the usual way. 
Either clear juice or that containing chloroplasts and small pieces of 
cellular  tissue  could  be  used.  In  preliminary  experiments  it  was 
established that centrifuging or settling out had no effect on either the 
actual or total acidity.  The juice could be used at once or allowed to 
stand several days before using, without any change either in actual 
or total acidity, as long as fungi had not started to grow in the liquid. 
This  was  a  very  interesting  point,  showing  a  difference  between 
Bryophyllum and other plant juices.  In most plant juices there is a 
decided change in H ion concentration within an hour or even half an 
hour  after it  has  been  expressed.  It may  also be  mentioned that 
boiling for a few minutes had no effect upon the acidity. 
After a sufficient number of plants had been obtained several experi- 
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ments were conducted in  which the actual  and  total  acidity were 
determined at various times during a period of 24 hours or over.  The 
H  ion concentration was determined by potenti0meter and the total 
acidity by electrometric titration as described in previous papers. 1'8 
The graph shown in Fig.  1 is typical of these first experiments con- 
ducted when the day was sunny.  At 10 o'clock in the morning, when 
the experiment was  started,  the actual as well as  the total acidity 
was very high as most plants go, but not excessively so for Bryophyl- 
um  calycinum.  The total acidity decreased steadily and was at its 
lowest at a  few minutes before 4 in the afternoon; after that time it 
slowly increased till  late  the next morning.  This  experiment was 
conducted the  10th of December with  the  sun  setting  at  about  5 
o'clock, and at 4  it no longer reached the plants in the greenhouse. 
During the 6 hours of daylight from 10 to 4 the H  ion concentration 
had decreased from pH 4.15  to pH 5.37, and the hydroxide required 
to neutralize 10 cc. of the plant juice from 11  cc. 0.1365 •  NaOH to 
3.1 cc. 0.1365 N.  The plants were kept in the dark greenhouse during 
the night and measurements taken at  8  and 12 p.m.  and 6:30 a.m. 
During  this  time  the temperature remained nearly constant.  The 
maximum actual and total acidity was reached at 10 the next morning. 
The pH was then 3.90,  slightly lower than the preceding morning, 
while the hydroxide requirement was higher; 12.1 cc. 0.1365  ~ NaOH 
being required to neutralize 10 cc. of the plant juice.  At 12 o'clock, 
when the experiment was discontinued, the pH of the juice was 4.43, 
somewhat lower than that of the day before at the same time.  The 
difference in the actual and total acid concentration at corresponding 
times during the 2 days is undoubtedly due to unequal brightness of 
the preceding day.  It has been reported by other investigators, and 
the writer has noticed repeatedly, that on a morning following a very 
bright day the concentration of acid is much higher than on a morn- 
ing following a  cloudy day.  This difference is probably due to the 
difference in amount of photosynthesis,  although the writer has  no 
data to  substantiate this surmise.  From the experiment  cited it is 
evident that in Bryophyllum calycinum there is a fluctuation in H  ion 
concentration within  a  wide  range,  corresponding  to  total  acidity 
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Similar experiments were  conducted when the day was dark and 
cloudy.  Fig.  2 is representative of  such  an  experiment,  started  at 
4  o'clock in  the morning.  At  that  time  the pH was  3.82  and 8.0 
cc. of 0.1365N NaOH were required to neutralize 10.0 cc. of the plant 
juice.  Determinations were made at various times during the day 
and  early  part  of  the  night.  As  usual  the  H  ion  concentration 
decreased as the day advanced, reaching a  minimum at about 5  in 
the afternoon.  There was,  however, a  much smaller decrease than 
during a  sunny day; the lowest H  ion concentration being only pI-I 
4.40 as compared with pH 5.37  on a sunny day.  The total acid con- 
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FIG. 1. Diurnal changes in total and actual acidity in Bryopkyllum calycinum 
on a sunny day.  The curves represent a single typical experiment. 
FIO. 2. Diurnal changes in total and actual acidity in Bryopkyllum calyclnum, 
on a dark, cloudy  day.  The curves represent a single typical experiment. 
centration did not decrease below that found at the beginning of the 
experiment, and in fact it actually increased slightly during the day. 
From  the experiments represented by  Fig.  2  it  seems  as  if  the 
decrease in H  ion concentration is  produced by a  condition which 
does not reduce the total amount of acid.  Bright sunlight reduces 
both, but a smaller amount of light does not diminish the total acidity, 
while it slightly decreases the actual acidity; and when the light inten- 
sity is still further diminished there is no reduction in either kind of 
acidity.  An increase occurs in absence of light.  In a previous paper  1 
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centration may have a  lower total acidity than  another  one with a 
somewhat  lower  H  ion  concentration.  The  experiment  during  a 
cloudy day may lead one to believe that  at different times different 
acids may be responsible for the acid conditions of a plant.  It may 
be that on a  cloudy day acids are produced, which are only slightly 
ionized, and on a  bright day acids with a  higher degree of ionization 
may be formed. 
Mayer  9 established that one of the  acids formed in the Crassulacece 
is  isomalic.  Besides  oxalic  acid  SpoehP  also  found  malic  acid  in 
Opuntia  versicolor.  From  Figs.  1 and  2  it  seems that  the  amount 
of  buffer  action  is  not  always the  same which might  indicate  that 
different acids are  present.  Fig.  1 records an  experiment  in which 
the H  ion concentration  at  10:00 a.m. was pH 4.15 and  11.0 cc. of 
0.1365 N NaOH  were required to neutralize  10 cc. of the plant juice. 
With another plant, for which the results are shown in Fig. 2, the H 
ion concentration was greater  at 4:00 a.m., namely pH 3.82, yet only 
8.0  cc.  of the  same  hydroxide  were  required to neutralize  10 cc. of 
this plant juice.  In the latter plant  the total acid was less than in 
the former, although its H ion concentration was considerably greater. 
Figs. 3 and 4 show the titration curves of several organic acids, of 
combinations of them, and also of juice from Bryophyllum. 
It is evident at once that when the total acid concentration in any 
of these acids or their  combinations approaches that of the Bryophyl- 
lure juice the H  ion concentration  is greater  than that  of the juice. 
It seems to the writer that the formation of acid salts, yielding a lower 
concentration of H  ions, may account for the greater part of the total 
acidity found in the juice. 
There  has been considerable discussion and  speculation as to  the 
formation  and  subsequent  destruction  of  the  adds.  Most  writers 
are of the opinion that the acids are due to incomplete oxidation of the 
carbohydrates, brought about perhaps by lack of oxygen in the succu- 
lent parts of the plant.  The problem of the destruction of the acid 
is as yet unsettled, though it is agreed that the acids are not directly 
used  in  photosynthesis.  Light,  temperature,  and  oxygen  are  all 
supposed to influence the deacidification process. 
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Experiments  were  conducted  to  determine  the  effect of  light  on 
the destruction of the acid substances.  Fig. 5 represents one of these 
experiments.  Similar  plants  were  chosen  and  divided  into  two 
groups,  one  of which was  placed  outside  the  greenhouse  where  the 
sunlight was as bright as in the house, but the temperature was con- 
siderably  lower,  while  the  other  group  was  left in  the  greenhouse. 
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FIG. 3.  Titration curves:  d, 0.2 N malic acid; B, 0,1 N malic acid; C, a mix- 
ture of 1/3 0.4 N malic acid,  1/3 0.1 N glycine, and 1/3 0.1 M asparagine;  D, 1/3 
0.1 N malic acid,  1/3 0.1 N glycine, and 1/3 0.1 ~{ asparagine;  E, 1/4 0A N malic 
acid,  1/4 0.1 ~ acetic acid,  1/4 N glycine, and 1/4 0.1 ~  asparagine;  F, Bryophyl- 
lure juice collected 9:50 a.m.; G, Bryaphyllum juice collected 3:45 p.m.; and H, 
Bryophyllum  juice  collected  at  midnight.  All  plants  were  in  bright  sunlight 
during the day, and all the plants formed part of the experiment represented in 
Fig.  1.  Each curve represents  a  single titration. 
Fro.  4.  Titration curves of some organic acids:  A,  0.1  ~  tartaric; B,  0.1  N 
oxalic; C, 0.1 ~  formic; D, 0.1 N citric; and E, 0.1 N acetic.  Each curve repre- 
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At 11: 00 p.m. the plants from the outside were placed in a  dark room 
at  a  temperature  of  about  18°C.,  where  they remained  overnight. 
The top curves of Fig. 5 give the temperature at the time of determina- 
tion of acidity.  It will be seen from this that the temperature in the 
greenhouse  remained  fairly  constant,  fluctuating  between  25  °  and 
31°C., but outside there was a  greater variation, from 18-4.5  °, as well 
as a  much lower temperature. 
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Fio. 5.  In this figure is shown the influence of light and temperature on deacid- 
ification  in B.  calycinum.  A  represents  results  from plants  in  the  greenhouse 
and B, from plants out of doors.  The upper set of curves gives the temperature 
in.the greenhouse and outside,  during the time of the experiment;  at 11:00 p.m. 
the plants were transferred from the outside  at a  temperature of 4.5 ° to a dark 
room at a  temperature of about 18 °.  The middle  set  of curves gives the total 
acidity at various  times  during the period  of the  experiment,  while the lower 
set  gives  the H  ion  concentration at  corresponding  times.  The  curves  repre- 
sent a  single typical experiment. 
FIO. 6.  Total  and  actual  acidity  conditions  in  B.  calycinum  in  continuous 
darkness  for  15  days  at  a  temperature  of  18-20°C.  The  curves  represent  a 
single typical experiment. 726  CHANGES  IN ACIDITY  OF BRYOPHYLLUM  CALYCINU~[ 
Both the actual and  total acidity decreased at approximately  the 
same rate in the plants kept in the warm greenhouse and the plants 
kept at the lower temperature outside, when the day was bright.  All 
experiments  agree in  this  respect.  On a  cloudy day with less light 
the plants in the lower temperature  showed a  lower rate of deacidifi- 
cation than those in the warm greenhouse. 
From Fig. 5 it is evident that light is a much more important factor 
in the decomposition of acids than is temperature.  When the light 
is  intense  the  temperature  does  not  seem  to  play  any  part.  One 
would expect that in the warm greenhouse the  deacidification would 
proceed more  rapidly  than  outside where  the  temperature  is lower. 
Studies on the temperature effect are to be continued. 
I)eacidification  also  takes  place  in the dark,  though very slowly, 
as shown by Fig. 6.  During a period of 15 days, in a dark room having 
a  temperature  between  18  °  and  20°C.,  the  total  acidity  decreased 
considerably.  At the  beginning  of the  experiment  12  cc.  of 0.1365 
N NaOH were required  to neutralize  10 cc. of the plant juice, while 
at the end of 15 days only 5.4 cc. of the same hydroxide were needed. 
The H  ion concentration increased to a  maximum  during  the first 3 
days  and  slightly  decreased  during  the  next  3  days,  but  remained 
approximately  constant  during  the  remainder  of  the  experiment, 
although  the  total  acidity  continued  to  decrease.  In  the  dark  the 
total acidity and actual acidity curves show no correlation,  while in 
the light they do.  The absence of correlation is already noticeable on 
dark and cloudy days. 
In these discussions only the decomposition of the acids has been 
mentioned.  It is, however, to be borne in mind that at all times acids 
are also being formed, and  the acid condition at any moment is the 
resultant  of the two opposite processes, and when it has been stated 
that light  accelerates  the deacidification,  it is merely meant  that  in 
bright light more acid is broken down than is being formed; i.e.,  the 
point of equilibrium has been changed. 
By  some  investigators  it  has  been  stated  that  an  abundance  of 
oxygen aids deacidification.  The writer kept plants in a  dark room 
under bell jars to which oxygen was supplied constantly from a  tank. 
In  one instance  the plants were kept under  the above condition for 
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on controls.  The acidity condition of the experimental plants was the 
same as that of the control.  In another experiment the plants were 
in an incubator at 36 °, for 6 hours, oxygen being supplied during this 
time.  In this experiment also the rate of decrease in acid was the 
same as in  control plants at  that  temperature.  Other plants were 
covered with bell jars into which a stream of hydrogen was constantly 
passing,  reducing the oxygen tension.  This in no way affected the 
results.  From these experiments it  seems that  the oxygen tension 
outside the plant is not an important factor in the acid decomposition 
in Bryophyllum calycinum. 
In his work on Opuntia versicolor Spoehr  6 states  that the juice is 
decomposed in  light  even  after  it  has  been  boiled  for  3  minutes. 
Similar experiments were conducted with the juice from Bryophyllum 
plants in  100  cc. Erlenraeyer flasks.  These flasks were exposed to 
normal daylight and at night to three 100 watt lamps fitted with reflec- 
tors.  Juice was obtained from a large plant and the H ion concentra- 
tion  and  actual  acidity  determined at once on a  sample.  The 
remainder of the juice was treated as follows: 
1.  Juice in cotton-stoppered flask, in light for 4 days. 
2.  Juice in flask with oxygen bubbling through the liquid, in light 
for 4 days. 
3.  Juice in flask which was aerated with hydrogen several times a 
day, in light for 4 days. 
4.  Juice in flask aerated once or twice a day with carbon dioxide, in 
light for 4 days. 
5.  Juice boiled for 3 minutes in flask stoppered with cotton, in light 
for 4 days. 
6.  Juice in  cotton-stoppered flask in dark incubator at the same 
temperature as those in light (about 30  °) for 6 days. 
This experiment was repeated several times and in all trials the I-I 
ion concentration and the total acidity were approximately the same 
under the different treatments and these were practically the same as 
the fresh juice obtained from the plant.  The juice when extracted is 
not  appreciably  deacidified  under  any  conditions  tried.  This  is 
contrary to  Spoehr's  findings in Opuntia versicolor, and it  appears 
that  the acid decomposition in B. calycinum is  connected with the 
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The formation of acid is  a  normal phenomenon in B.  calycinum 
and is undoubtedly due to incomplete respiration, brought about by 
lack of oxygen and perhaps the slow escape of CO~.  The stomata are 
few in number, only about 31  to the sq.  ram. on the lower side, as 
compared to  190 in Pelargonium sp.,  330 in Syringa vulgaris, 625  in 
Olea europaea, etc.  The stomata are very small and many are incom- 
pletely formed.  The leaves are very thick (about .85 mm.), with com- 
pact cell arrangement, leaving little space for air cavities.  A consider- 
able quantity of CO2 is formed in the dark. 
In the light  photosynthesis is  rapid, and it is possible that active 
oxygen may be released in the cells where the acid is stored.  The 
acids may be rapidly oxidized to carbon dioxide and water (or some 
compound  such  as  formaldehyde)  which may be  used  at  once  in 
photosynthesis.  Thus light may indirectly aid the decomposition of 
the acids  by supplying the active oxygen, as  well as  by removing 
carbon dioxide. 
The acid condition of a plant at any moment may be considered as 
largely determined by light,  temperature, and  perhaps  oxygen, as 
well as the food in the cells.  Of these light is the most important, 
always tending to  decrease the acidity.  Upon  the food substances 
(carbohydrates mainly) depends the ultimate amount of acid which 
may  be  formed.  After  24  hours  in  the  dark the acidity does not 
appreciably increase, but  begins gradually to  decrease, as  the food 
supply is used up  in  respiration.  In  the  dark  the  acid  substances 
are gradually broken down and are probably used as reserve foods in 
the respiration of the plant. 
SUMMARY. 
1.  It has been shown that there is a  diurnal change in the H  ion 
concentration in Bryophyllum calycinum corresponding approximately 
to  the total  acidity changes.  The H  ion  concentration increases at 
night and decreases during the day. 
2.  Light is the main factor in causing the decrease in acidity, though 
it also occurs in the dark, but much more slowly. 
3.  External oxygen tension does not seem to influence the acidity of 
the plant,  nor does it influence the decomposition of the extracted 
juice. 